Introduction 35
Geomaterials such as organic rich shales, can be considered as multiphase and multiscale 36 material systems [17] with intrinsic heterogeneity in chemical composition (including 37 organic diversity (namely maturity) and mineralogy), microtexture and mechanical 38
properties [8] . An improved understanding of fundamental poroelasticity and strength 39 behavior of organic rich shales can lead to development of predictive models that 40 overcome the demand for costly and time-consuming detailed experiments to access their 41 mechanical behavior. For this purpose, it is instructive to explore the complex 42 mechnanical properties of organic rich source rocks at multiple scales, as shown in Figure  43 1. 44
Level II corresponds to the characteristic size in the sub-millimeter and millimeter range 45
and is the scale of conventional understanding of organic rich shales regarding their 46 anisotropic poromechanics (Fig. 1) . Level I is the scale of porous clay composite 47 intermixed with organic matter. This scale is the scale of nanoindentation and advanced 48 observational methods such as SEM and EDX and is the level of study in this 49
investigation. Level I is of particular importance since porous clay/organic composite is 50 considered as the main driver of macroscopic behavior of organic-rich shales as clay 51 minerals, their packing density, and organic materials control the mechanical and 52 transport properties of these source rocks [3] . Moreover, there is an increasing evidence 53 that maturity of organic matter influences the texture, anisotropy, and ductility of these 54 organic-rich source rocks [46] [47] . Finally, level 0 corresponds to the scale of the 55 elementary solid clay particles that make the solid clay phase in organic-rich shales. It 56 should be mentioned that the multi-scale approach followed in this work can be applied 57 to other geomaterials provided that the different scales satisfy the scale separability 58 condition [17] . 59
Following the aforementioned multi-scale structure model and in order to ful-fill the 60 material science paradigm, that is to relate chemical composition, microstructural 61 features, and mechanical performance, the chemo-mechanical properties at fundamental 62 length sacles need to be fully characterized. Advanced characterization techniques have 63 been used to study distinct features of heterogeneous geomaterials at nanometer and 64 micrometer length scales. For instance, valuable insight into the heterogeneity of 65 microstructural features has been obtained by synchrotron x-ray analysis [33, 57-58] 66 small angle neutron scattering [27] , and advanced imaging by scanning electron 67 microscopy (SEM) and transmission electron microscopy (TEM) [4, 25, 28] . Similarly, 68 the heterogeneity of mechanical properties has been studied by Atomic force microscopy 69 (AFM) and instrumented indentation on organic-free shale materials [45, 7, 52, 54, 60-70 61, 3] and organic/inorganic phases in oil and gas bearing shales [2, 39, 59 ]. Yet, a 71 characterization method that (1) integrates geochemical and mechanical properties in the 72 assessment of organic-rich shale properties, and (2) is able to handle the high 73 heterogeneity of the rock remains to be developed. The method proposed in this paper 74 aims at such a chemo-mechanical characterization of organic-rich shales at micrometer 75 and sub-micrometer length scales (level I) using coupled nanoindentation and energy 76 dispersive x-ray spectroscopy (EDX). The approach herein proposed is an extension to 77 previous approaches developed for inorganic (organic-free) caprocks [12] and cements 78 [9, 30] . Specifically, the original idea advanced in this investigation is that the extensive 79 data sets obtained by both chemical and mechanical testing techniques at the same 80 location and at similar length scales lend themselves to an effective chemo-mechanical 81 clustering analysis to resolves spatial, chemical and mechanical heterogeneities in the 82 form of chemo-mechanical phases present within the probed region. 83
The paper is organized as follows: Section 2 presents the studied materials and the 84 different techniques employed for both chemo-mechanical data acquisition (EDX, 85 nanoindentation) and data analysis by means of clustering at micrometer and sub-86 micrometer length scales of organic-rich source rocks. The results that can be obtained 87 with this coupled indentation-EDX experiments are discussed in details in Section 3 for a 88 mature gas shale (Haynesville). Finally, in Section 4, the versatility of the approach is 89 illustrated through application to a large range of clay-dominated organic-rich source 90 rocks. 91 
Materials and Methods

93
Materials 94
Several organic-rich shale samples from major shale reservoirs of different mineralogy 95 and maturity levels were considered in this study (for mineralogy and Total organic 96 content (TOC), see 
where represents the number of material phases in the sample, ! the mass fraction of 107 the solid constituent ( 
Grid Nanoindentation Technique 135
Instrumented grid indentation provides a tool to characterize the mechanical behavior of a 136 heterogeneous material at sub-micrometer length scales. A large set of indentation tests is 137 carried out on a surface. Each test consists of impinging an indenter tip of known 138 geometry (here, a Berkovich tip with equivalent half-cone angle of 70.32° and curvature 139 radius of approximately 30 nm.) and mechanical properties onto the surface of the 140 material of interest [54, 10, 48] , and the mechanical properties of the indented bulk 141 material are extracted from the force-displacement curve (P-h curve, Figure 2 ) by 142 applying a continuum scale model to obtain the indentation modulus M, and the 143 indentation hardness H: 144
where is the measured maximum indentation load, = The analysis of chemo-mechanical properties of such heterogenous material requires the 223 use of statistical analysis of the generated experimental data. In this type of analysis, it is 224 also necessary to acquire a large number of indents in order to avoid sampling effects, 225 which demands the use of an adequately large testing surface comparing to the size of 226 distinct material phases of interest. 227
A multi-variate cluster modeling approach is used for statistical analysis of the collected 228 mechanical and chemical data. Through this method, one can identify the most likely 229 number of clusters in a data set, as well as the uncertainty of observations belonging to a 230 cluster based on statistical criteria. The cluster modeling considers each event 231
(comprising nanoindentation and EDX measurements) to be a realization of the random 232
where n is the total number of events (i.e. total 233 number of grid indents). The multi-dimension corresponds to the indentation modulus 234 (M) and hardness (H) as well as chemical components obtained from EDX, which were 235 measured for each of the n tests. The probability density function
where ! is the probability that an observation belongs to the k-th component (
with containing the (unknown) group mean, ! , and the 239 covariance matrix, ! , and ! , ! , ! corresponding to the multi-variate normal 240 density: 241 
Results
252
Coupled EDX-Grid Nanoindentation Technique 253
To illustrate the added value of enriching mechanical data by chemical data for a 254 statistical phase identification, a comparison of cluster analysis obtained respectively 255 without ( obtained for other grids and other shale rocks as well. Specifically, while the pure 258 mechanical clustering (Fig. 4) identifies only two phases, the coupled chemo-mechanical 259 clustering picks up four phases of distinct chemo-mechanical properties. The difference 260 in number of phases and properties is recognized from a comparison of the phase maps 261 shown in Figure 6 . In contrast to the pure mechanical phases (Fig. 6a ), the coupling with 262 chemistry allows one to distinguish bulk phases from mixture phases (Fig. 6b) . In 263 particular, by incorporating maps of "Si" and "Al" from EDX into the clustering analysis, 264 phase 1 is identified as a "clay-rich" phase. Similarly, incorporating 'Ca' maps in the 265 clustering provides a means to identify phases 3 and 4 as "calcite-rich" and "quartz-rich" 266 phases, respectively; whereas phase 2 is identified as a mixture phase at the interface 267 between clay-rich and calcite-rich regions. Thus far, the coupled EDX-grid indentation 268 technique provides a means to match mineralogy with mechanical stiffness and strength 269
properties. It is, however, emphasized, that the coupled chemo-mechanical approach only 270 accounts for inorganic elements. That is, the phases thus identified will certainly include 271 the organic phases as well. 272 
Comparison with Bulk Mineralogy 277
The clustering algorithm also provides volume fractions of the clay-rich and calcite-rich 278 regions on a grid. It should be noted, however, that due to the heterogeneity of the sample 279 a single grid size of 60x60 µm 2 to 120x120 µm 2 may not be representative of the bulk 280 mineralogy, and that several grids are typically required for the volume fractions to 281 converge toward the bulk mineralogy. This is shown in Figure 7 : As the number of tests 282 increases, the volume fractions converge toward the volume fraction of the clay-rich 283 phase determined from bulk mineralogy. Figure 7 represents the results of chemo-284 mechanical clustering analysis on 17 grids performed on Haynesville samples. From 285 these 17 grids, we randomly draw, without replacement, the volume fraction of clay rich 286 phase of one grid and average these values as the number of grids increased. The 287 procedure was repeated 100 times and the results are presented in Figure 7 . As expected, 288 all runs converge to the average volume fraction of the clay rich phases among all 17 289 grids of 43% -a value that needs to be compared with the value available from 290 mineralogy. For this comparison, it should be noted that the phases identified from the 291 chemo-mechanical clustering also include porosity and kerogen. Thus for the sought 292 comparison, the bulk mineralogy (in volume%) needs to be corrected to account for both. 293
To this end, we consider (1) that the porosity is distributed homogeneously in all phases 294 composing the sample, thus considering porosity in both the organic and the inorganic 295 phase; and (2) that the organic matter is mostly concentrated in the clay phase [56, 32, 296 18] (Figure 8 , Table 3 presents volume fraction of kerogen in the clay-rich phase for all 297 samples). These assumptions are built on the multiscale model proposed in Figure 1 . The 298 first assumption provides a means to assess the volume fractions of porous clay and 299 kerogen (in e.g. Haynesville samples) by dividing the volume percentage of bulk clay and 300 kerogen (Table 2) by the solid volume fraction, 1 − . For the considered Haynesville 301 samples this provides an average volume fraction of 39% and 6% for the porous clay 302 phase and porous kerogen phase, respectively. The second assumption allows us to 303 simply sum up these two volume fractions, to obtain a total volume fraction of the porous 304 clay/kerogen composite in Haynesville samples of 45%. The value so obtained from 305 mineralogy and porosity measurements compares fairly well with the volume fraction of 306 the clay-rich phases identified by coupled Nanoindentation and EDX of 43%. The 307 successful comparison not only validates our conjecture that the coupled 308 Nanoindentation-EDX method provides a quantitative means to separate chemo-309 mechanical phases in organic-rich shales. It also supports our hypotheses regarding the 310 distributions of porosity and organic matter in the microstructure of mature samples; 311 namely a self-consistent porosity distribution throughout the system (i.e. same porosity in 312 all phases), and a kerogen phase spatially correlated with the clay phase. This observation 313 is also consistent with observation made by others that showed both an inter-organic 314 porosity and a mineral porosity [29, 34] . 315 on organic-rich samples described in section 2.1, with X1 and X3 corresponding to the 327 parallel-to-bedding and normal-to-bedding direction, respectively. The porous 328 clay/kerogen phases were identified for each direction (X1 and X3) by the described 329 coupled nanoindentation-EDX techniques. 330
Figures 9 and 10 summarize the indentation results of the porous clay/kerogen phases of 331 the studied samples, in the form of a plot of the mean indentation modulus vs. indentation 332 hardness (Fig. 8) , and of ( , ) vs. the clay packing density ,
is the porosity and ! is the kerogen volume fraction) and the kerogen volume fraction, 334 ! (Fig. 9) , respectively. The results are also provided in Table 4 . The following 335 observations deserve attention: 336 1. The stiffness and hardness values of the clay-rich phases of different formations 337 exhibit -on first order-a power scaling of the form ~! (Fig. 8) , where < 1.
338
This scaling is of some significance if we remind ourselves that the results 339 presented in Figure 9 are obtained from samples with different maturity, total 340 organic content (TOC) ( respectively), appears to increase with the clay packing fraction (Fig. 9a) , but 349 seems unaffected by the kerogen volume fraction (Fig. 9c ). to be less affected by the clay packing (Fig. 9b ), but strongly affected by the 355 kerogen content. In fact, as the kerogen content increases the difference in 356 hardness in the orthogonal direction decreases (Fig. 9d) ; in stark contrast to the 357 elastic anisotropy (Fig. 9c) . That is, while the micron-scale elasticity scales in 358 first-order with the clay packing, the strength behavior appears to be strongly 359 dependent on the kerogen volume fraction in organic-rich clay-bearing source 360 rocks.
362
The two distinct observations merit further exploration. We thus consider another, yet 363 related, quantity: the ratio of indentation modulus over hardness ( / ). For an elastic 364 material, / only depends on the indenter geometry, and equals / = 2 = 5.6 365 for the Berkovich tip of equivalent half-cone angle θ=70.32° employed in our 366 investigation (for derivation see [11] ). Greater values of / are indicative of the 367 occurrence of plastic deformation mechanisms, as / is homogeneous to the inverse of 368 a yield strain. As such, it is commonly employed, in materials science investigations, as a 369 measure of the ductility (see, for instance, Abdolhosseini Qomi et al., [1]). In Figure 11  370 we thus plot this ductility measure ( / ) as a function of the clay packing (Fig. 11a ) and 371 the kerogen content (Fig. 11b) . Two competing trends are apparent in these figures; 372 namely (1) a decrease in ductility with decreasing clay packing (Fig. 11a) , and (2) an 373 increase in ductility with increasing kerogen content (Fig. 11b) . As kerogen volume 374 fraction increases, the ductility also increases till the point that the effect of clay packing 375 density prevails which is a decrease in ductility as clay packing density decreases. This 376 added ductility of the kerogen in an otherwise tightly-packed brittle clay matrix [24] , is 377 expected to be more pronounced in immature systems than in mature systems, and 378 appears to us at the origin of the intimate interplay between the organic-inorganic 379 strength-stiffness behavior. 380 The overall picture that emerges from the application of the method to a large array of 396 both mature and immature organic-rich rocks of different porosities, is that the clay-rich 397 phase exhibits a unique scaling relation between stiffness ( ) and hardness ( identified as a "clay-rich" phase. Similarly, phases 3 and 4 are identified as "calcite-rich" 685 and "quartz-rich" phases, respectively; whereas phase 2 is classified as a mixture phase at 686 the interface between clay-rich and calcite-rich regions. 687 considering that organic matter is mainly concentrated in the clay phase; whereas the clay 704 packing density was obtained from ! = 1 − ! + , where is the porosity. Trend 705 lines are to guide the eyes. 706 Figure 11 . Indentation-modulus-to-hardness ratio vs (a) clay packing, and (b) kerogen 707 content. The kerogen volume fraction ! was determined from TOC, assuming a 708 constant kerogen density of ! = 1.2 g/cc and considering that organic matter is mainly 709 concentrated in the clay phase; whereas the clay packing density was obtained from 710 
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accounts for inorganic elements. That is, the phases thus identified will certainly include the organic phases as well."
REVIEW: What are the clay mineral types in the different samples?
-AUTHORS' REPLY: Clay minerals in these samples were mostly either illite or mixed illite-smectite, with relatively smaller amounts of kaolinite and chlorite. -ACTION TAKEN: We have added the above sentence to the revised version of the manuscript for clarification.
REVIEW: -How did the authors determine dry bulk density? -drying oil window samples will drive out S1 hydrocarbons -Is dry density with or without clay-bound waters? Haynesville rocks have considerable amounts of swelling clays: heating temperature will play a big role.
-AUTHORS' REPLY: The temperature that was used for drying the samples was 60° C which is much lower that the temperature that causes the evaporation of clay-bound water and also extraction of S1 hydrocarbons. The above claim is supported by the following references: -Killops, S., Killops, V. REVIEW: Need Rock-eval data or another measure of the produced and trapped hydrocarbons.
-AUTHORS' REPLY: Our Rock-eval data does not provide the amount of produces and hydrated hydrocarbons. However, since the focus of the paper is nanomechanics of porous clay/kerogen phases, the role of produced and trapped hydrocarbons is considered minor compared to TOC, porosity, volume fraction of clay, and state of maturity.
REVIEW: The assumption of kerogen only being associated with clay minerals is not justified.
- 
